aequorin, which is quantified by a luminometer. Results can be obtained in only 4 h without sterilized conditions. TSAb activities were expressed by international units using the NIBSC 08/204 standard. Results: Positive results of aequorin TSAb were obtained in 197 of 199 (98.9%) of untreated patients with GD. Only 1 of 42 (2.3%) patients with painless thyroiditis had a weakly positive aequorin TSAb. All 45 patients with subacute thyroiditis and 185 normal subjects showed negative aequorin TSAb. As for chronic thyroiditis, all 52 euthyroid patients showed negative aequorin TSAb, but 8 of 50 (16.0%) hypothyroid patients had a positive reaction. However, these positive reactions were not induced by serum thyroid-stimulating hormone (TSH) and were thought to be induced by the stimulating activity of anti-TSH receptor immunoglobulins. Conventional porcine TSAb and Elecsys thyroid-stimulating hormone receptor antibodies were positive in 69.3 and 95.5% of GD, respectively. Conclusion: The aequorin TSAb assay was positive in 98.9% of GD and was more sensitive than the conventional assay. This assay can be conducted in only 4 h without sterilized conditions and is practically useful in general clinical laboratories. 
Introduction
Autoantibodies to the thyroid-stimulating hormone receptor (TSHR) are functionally heterogeneous and bind to the receptor with high affinity [1] [2] [3] . Based on their biological activities, they have been classified into either thyroid-stimulating antibodies (TSAb) or thyroidstimulating blocking antibodies (TSBAb). TSAb have been shown to be responsible for hyperthyroidism in Graves' disease (GD), whereas TSBAb occur mainly in patients with atrophic thyroiditis and Hashimoto's thyroiditis [3] .
The amount of TSHR antibodies can be measured with competitive binding assays, the so-called thyrotropinbinding inhibitory immunoglobulin/TSHR antibodies (TRAb) assay, using either labeled thyroid-stimulating hormone (TSH) or a monoclonal antibody against the TSHR [4, 5] . Although these assays are very useful, the binding assays reflect the amount of antibodies in patient serum but cannot discriminate TSAb from TSBAb. The conventional methods to measure TSAb and TSBAb depend on cell-based assays using various cells such as porcine primary cells, human thyroid cells and Fischer rat thyroid cell line-5 (FRTL-5), combined with the measurement of cyclic adenosine monophosphate (cAMP) released from the cells. Furthermore, several research groups have developed stably transformed cell lines with a reporter plasmid containing the firefly luciferase gene under the control of multiple cAMP-responsible elements [6] [7] [8] . However, these assays require tissue culture facilities and a lot of time [9] , which limit their use outside specialized laboratories.
In order to overcome these limitations, we established a new live-cell bioassay that uses a genetically engineered Chinese hamster ovary cell line expressing human TSHR, cyclic nucleotide-gated calcium channel and aequorin [10, 11] , tentatively named the aequorin TSAb assay. This assay can be started by simply thawing the frozen cells and does not require tissue culture facilities, which is beneficial for use in general clinical laboratories.
Subjects and Methods

Subjects
We examined 199 untreated patients with GD (mean age 39 years, range 8-79 years; 150 female): 42 with thyrotoxic painless thyroiditis (PT; mean age 42 years, range 14-74 years; 37 female); 45 with thyrotoxic subacute thyroiditis (mean age 44 years, range 27-79 years; 42 female), 102 with chronic thyroiditis (52 euthyroid; mean age 53 years, range 15-79 years; 48 female); 50 with hypothyroidism (mean age 55 years, range 16-94; 40 female) and 185 normal subjects (mean age 41 years, range 13-78 years; 41 female). The diagnosis of these thyroid diseases was made according to the diagnostic guidelines of the Japan Thyroid Association [12] . Sera were obtained from these patients and control subjects and stored at -20 ° C. Informed consent was obtained from each patient, and institutional approval was obtained from the Kuma Hospital.
Principle and Procedure of the Aequorin TSAb and TSBAb Assay
The principle of the aequorin assay is to measure intracellular cAMP production by TSHR activation. The Chinese hamster ovary cell line (CHO-K1 cell line) was transfected with a mammalian expression vector containing full-length human TSHR [13] , cyclic nucleotide-gated calcium channel [14] and aequorin [15] . TSAb activate the TSHR and then increase intracellular cAMP, leading to the direct activation of the cyclic nucleotide-gated calcium channel. The addition of a calcium-containing buffer results in an intracellular calcium influx which activates the intracellular photoprotein aequorin. The aequorin emits a blue light at relaxation, the intensity of which is correlated with the degree of TSHR activation. The luminescence of aequorin emitted by calcium addition is quantified by a luminometer.
Serum (25 μl) was diluted with 100 μl of buffer 1 by vortexing. The frozen cells stored at -80 ° C (3 × 10 6 cells/ml) were thawed in a water bath at 37 ° C for 2 min, transferred to 10 ml of buffer 1 and then centrifuged for 5 min at 1,000 rpm. The cell pellets were suspended in 12 ml of buffer 2 and 25 μl of luminescence substrate Viviren TM (Promega, Madison, Wisc., USA) by gentle pipetting. The neutralizing antibody against human TSH (hTSH) was included in buffer 2. The diluted sample (1: 5) was added to a 96-well white plate (25 μl duplicate) followed by 100 μl of cell suspension and incubated for 4 h at 25 ° C. The light luminescence of each well was recorded for 7 s by adding 100 μl of detection buffer containing 100 m M calcium chloride using an injector equipped with a luminometer (Victor/Arvo-SX; PerkinElmer, Waltham, Mass., USA). The activities of aequorin TSAb were calibrated using the international standard NIBSC 08/204 and expressed as milli-international units per liter. A calibration curve was run on every plate. The data could be calculated either with a point-to-point calibration curve or a 4-parameter logistic nonlinear regression analysis. The porcine TSAb assay was performed using a Yamasa kit (Yamasa Corporation, Choshi, Japan), and TSAb activity was expressed as the percentage of cAMP production compared to that of the normal control [16] . In order to examine the effect of hTSH on the assay, various concentrations of hTSH (NIBSC 80/558) were added to a pooled normal serum, and the aequorin TSAb assay, porcine TSAb assay and Elecsys TRAb assay were performed. For measuring TSBAb activity, the procedure of aequorin TSAb assay was slightly modified: 25 μl of 500 μIU/ml bovine TSH and the diluted sample were serially added to a 96-well white plate followed by 100 μl of cell suspension. The values were expressed as percentage inhibition of luminescence compared to that of the normal control.
Thyroid Function and Antibodies
Serum TSH, free thyroxine and free triiodothyronine concentrations were measured using chemiluminescent immunoassays 16 dothyronine, respectively; Abbott Japan Co., Tokyo, Japan). Normal ranges are 0.3-5.0 mIU/l for TSH, 9.0-20.3 pmol/l for free thyroxine and 2.6-5.7 pmol/l for free triiodothyronine. Serum levels of antithyroglobulin antibody, antithyroid peroxidase antibody, and anti-TRAb were measured using an electrochemiluminescence immunoassay (ECLusys 2010; Roche Diagnostics Japan Co., Tokyo, Japan; normal range: <40 kIU/l for antithyroglobulin antibody, <28 kIU/l for antithyroid peroxidase antibody and <2.0 IU/l for TRAb), as previously reported [17] .
Statistical Analysis
Various parameters were compared among the thyroid diseases by the Mann-Whitney test. The relationship between aequorin TSAb and porcine TSAb or Elecsys TRAb was examined by linear correlation analysis. Differences were considered to be significant at p < 0.05.
Results
The value of aequorin TSAb activities was multiplied by the dilution factor and then expressed as milli-international units per liter. The value was calibrated by the international standard NIBSC 08/204. Increased light output was detectable from 35 to 750 mIU/l. The detection limit of the aequorin assay was 18 mIU/l (blank + 3 SD, n = 12). Intra-or interassay precision with high, middle and low control serum giving coefficients of variation were acceptable for routine use ( table 1 ) . Interassay coefficients of variation of high, middle and low serum using 3 different lots were 14.6, 7.0 and 7.4%, respectively. As for the interference of other hormones and pigments, high concentrations of human chorionic gonadotropin spiked in healthy serum up to 1,250,000 IU/l, human follicle-stimulating hormone up to 100,000 IU/l, human thyroxine-binding globulin up to 0.925 μmol/l, human prolactin up to 4.3 μmol/l, bilirubin F up to 3,230 μmol//l, bilirubin C up to 3,560 μmol/l, hemolytic hemoglobin up to 0.31 mmol/l and chyle up to 9,870 formazine turbidity units had no effect on the aequorin TSAb assay.
The receiver operating characteristic analysis was performed in 199 patients with untreated GD and with 185 healthy individuals. The optimal cutoff limit was calculated at 35 mIU/l (sensitivity 98.0%, specificity 100%). The TSBAb activity was measured for the 185 normal subjects and the 50 hypothyroid patients. The TSBAb activity of normal subjects ranged from -14.0 to 9.0%, and the average was -2.1%. The cutoff values of the TSBAb activity were estimated to be 5.8% (average + 2 SD).
The results of aequorin TSAb in various thyroid diseases are summarized in table 2 and compared with porcine TSAb and Elecsys TRAb. Positive results of aequorin TSAb were obtained in 197 of 199 (98%) of untreated patients with GD. Only 1 of 42 (2.3%) patients with PT had a weakly positive aequorin TSAb. All 45 patients with subacute thyroiditis and 185 normal subjects showed negative aequorin TSAb. As for chronic thyroiditis, all 52 euthyroid patients showed negative aequorin TSAb, but 8 of 50 (16.0%) hypothyroid patients had a positive reaction. By contrast, conventional porcine TSAb and Elecsys TRAb were positive in 69.3 and 95.5% of GD, respectively. Individual data of aequorin TSAb are shown in figure 1 .
The results of patients who showed discrepant results for the positive and negative classification between aequorin TSAb and Elecsys TRAb in GD and PT are shown in online supplementary table 1 (for all online suppl. material, see www.karger.com/ doi/10.1159/000371740). All of these discrepant GD patients had mild or moderate hyperthyroidism, and aequorin TSAb possibly detected low antibody activity efficiently. In 1 PT patient, aequorin TSAb disappeared rapidly. The results of hypothyroid patients who showed discrepant results among aequorin TSAb, porcine TSAb and Elecsys TRAb are shown in online supplementary table 2. Although all hypothyroid patients showed positive aequorin TSAb without anti-hTSH, only 8 patients showed positive aequorin TSAb with anti-hTSH. Our aequorin TSAb assay does not respond to coexisting TSH, since hTSH was neutralized with additional antihTSH antibodies in the buffer, as shown in table 3 . Aequorin TSAb-positive reactions are thought to be induced by immunoglobulins of TRAb, since aequorin TSAb activities significantly correlated with Elecsys TRAb activities (r = 0.652, p < 0.05) but not with TSH levels. Four of these hypothyroid patients with positive TSAb also had positive TSBAb. Overall sensitivity to detecting GD was 98.9% in the aequorin assay, 69.3% in the porcine TSAb assay and 95.4% in the Elecsys TRAb assay, respectively. There were significant correlations between aequorin TSAb and porcine TSAb or Elecsys TRAb, as shown in figure 2 .
Discussion
In this study, we developed a sensitive and rapid TSAb bioassay. All of the previous bioassays for TSAb required cell culture under sterilized conditions and took more than 20 h [9] . The aequorin TSAb assay only takes 4 h and does not require a sterilized culture. Our aequorin TSAb assay is the first bioassay using the international standard NIBSC 08/204, and TSAb activities are expressed as milliinternational units per liter. Previous TSAb bioassays expressed the results as the relative percent value compared to normal serum. Very recently, Giuliani et al. [18] used arbitrary units for TSAb activities, but the basis is the same as the percent increase and is not internationally standardized. The main problem of using these relative values is that they tend to vary among cell lots or incubation conditions, which makes it difficult to use these bio- assays for monitoring the disease prognosis and comparing results among different laboratories throughout the world. We previously clarified that the product of standardized TRAb and TSAb activities was a most useful predictor for neonatal thyrotoxicosis [19, 20] . Considering this, it is very important to use the standardized activities of TSAb. In untreated GD, aequorin TSAb was detected in 98.9% of patients, and porcine TSAb was positive in 69.3% of patients, indicating that the aequorin assay had higher sensitivity than the porcine TSAb assay. A similar positive reaction (95.5%) was observed in the Elecsys TRAb assay. In 9 patients with untreated GD, who showed negative or borderline Elecsys TRAb, 8 had clearly positive aequorin TSAb, suggesting that aequorin TSAb is more sensitive than Elecsys TRAb for the detection of GD. Interestingly, in patients with chronic thyroiditis, 8 of 50 (16.0%) hypothyroid patients, but no euthyroid ones, showed positive aequorin TSAb. The aequorin TSAb assay used a neutralizing antibody specific to hTSH in the buffer, and aequorin TSAb activities were not correlated with serum TSH. Therefore, the aequorin TSAb reaction in hypothyroid patients is not induced by serum TSH. These aequorin TSAb activities significantly correlated with TRAb activities, strongly suggesting that positive aequorin TSAb in hypothyroid patients is induced by anti-TSHR immunoglobulins. Considering these points, some hypothyroid patients seemed to have a stimulating antibody just like hypothyroid GD, while others seemed to have weak partial agonist activity caused by the coexistence of TSBAb.
In conclusion, the newly developed aequorin TSAb assay provides a very sensitive and useful method for measuring TSAb activity in both GD and hypothyroid patients. The aequorin assay can be conducted in only 4 h without sterilized conditions and cell culture techniques, which is ideal for its routine use in general clinical laboratories.
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